Abstract. The pattern of interspecific associations of three stem-galling sawfly species (Euura atra, E. elaeagnos, E. purpureae) and three stemgalling gallmidge species (Rabdophaga sp. 3-5) was investigated on five willow taxa (Salix alba, S. fragilis, S. × rubens, S. elaeagnos, S. purpurea) at five natural sites in Central Europe. The willow species harboured specific species associations of two stem gallers, each pair consisting of one Euura and one Rabdophaga species. The stem gallers were patchily distributed and their densities varied significantly among willow host plant species, host plant individuals, and host plant sexes. Four of the six species showed a significant increase in galling rate with shoot length. The other two species were the sawfly and cecidomyiid pair that induce galls on S. purpurea. The preference of stem gallers to longer shoots was generally not related to higher larval performance in terms of survival. Only one species, Rabdophaga sp. 5, was found to be more abundant on male plants. The correlation of densities of the species pairs of stem gallers was independent of willow sexes. Species pairs of stem gallers co-occurring on the same willow species tended to attack different shoots within the same host plant individual. When species pairs co-occurred on shoots they were usually found in similar densities as when occurring alone on shoots. The stem-galling sawflies usually formed galls at the basal part of a shoot, whereas the gallmidge R. sp. 5 (R. sp. 3 and R. sp. 4 showed no clear tendency) preferred the middle or distal part of a shoot. This is interpreted with differences of their phenology and oviposition period.
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INTRODUCTION
Gall-forming sawflies and gallmidges on willows (Salix spp.) are highly specialized herbivores, inducing their galls in young, meristematic tissue of different plant organs (Price & Craig, 1984; Clancy et al., 1986; Clancy & Price, 1989; Harris, 1994; Kopelke, 1998 Kopelke, , 1999 . The stem-galling midges of the genus Rabdophaga (Cecidomyiidae) and the sawfly genus Euura (Tenthredinidae) exhibit distinct host plant specificity by attacking exclusively a single willow species except for E. atra and Rabdophaga sp. 4 which attack three willow species (Kopelke, 1990 (Kopelke, , 1998 (Kopelke, , 1999 Kopelke & Amendt, 2002) .
Gall formation represents arguably the most intimate form of plant-herbivore interaction. In many galls, including sawfly and gall midge galls, the gall former not only affects the developmental pattern of a whole or part of a plant organ, but also controls, to at least some extent, the physiology of the plant tissue surrounding the feeding larva or adult (Harris, 1994; Higton & Mabberly, 1994; Leitch, 1994; Schönrogge et al., 2000; Stone et al., 2002) . Thus, many factors that might affect the distribution of free-feeding insect larvae, such as the distribution of secondary chemistry within or between host plants, environmental and weather-related factors, are likely to affect galling herbivores less in their feeding stages. However, genetic variation, hybridization, and possibly plant volatile emissions as an indicator of the former, can affect the oviposition behaviour of the females and influence gall distributions in this way.
One reoccurring determinant of abundance patterns among gallers has been proposed in the 'plant-vigour hypothesis' Price, 1991) . This suggests that host plant organs (i.e. active meristems) that show the most vigorous growth are likely to provide the best habitat for gallers (Price & Ohgushi, 1995; Price et al., 1997; Fritz et al., 2000) . It suggests that vigorously growing plant organs are best supplied with, for instance, water and nutrients and are thus best suited for the fast growing gall tissues and their inhabitants. Physiologically there is no direct evidence that galls will benefit from a high level of supply to the surrounding tissue, although galls induced by insects from different taxonomic groups have been shown to be physiological sinks (Shorthouse & Rohfritsch, 1992; Bagatto et al., 1991 Bagatto et al., , 1997 ; but see Hartley & Lawton, 1992) . However, the implication of the plant-vigour hypothesis, that gallers should prefer vigorously growing plant organs and for stem gallers to prefer the relatively rarer long shoots over shorter ones, has been found to be true for a number of different and taxonomically diverse galling insects (Tenthredinidae - Roininen & Danell, 1997; Adelgidae -McKinnon et al., 1999; Cynipidae -Pieres & Price, 2000; Cecidomyiidae -Cornelissen & Fernandes, 2001; Psyllidae -Faria & Fernandes, 2001 -but also see de Bruyn, 1995) . While the evidence for the plant-vigour hypothesis has become more general, it is not clear what gives rise to this pattern. It is possible that eggs laid on vigorous shoots are more likely to develop into galls but fail to do so on shorter shoots. Alternatively, females might select vigorous shoots at the time of oviposition, which would presumably mean that they could identify vigour in active meristems, since the shoots would not have grown at this time.
Another nonexclusive hypothesis addressing herbivore abundance distributions states that herbivore attack patterns are determined by the sex of the host plant. In some willow species, sex-related differences in both growth (Danell et al., 1991; Elmqvist et al., 1991) and defence Hjältén, 1992) , have been observed. Some studies have also documented intersexual variation in herbivory on dioecious plants. The most common pattern reported is for male plants to support higher densities of herbivores (Boecklen et al., 1990 (Boecklen et al., , 1994 Hjältén, 1992; Fritz, 1995) .
Both the plant-vigour hypothesis and the sexbias hypothesis refer to relationships between herbivores and host plants. Little attention has been given to whether variation in plant characters might affect interspecific competition between herbivorous insects. Different species of herbivores might respond in different ways to variation among host plants, leading to positive or negative correlations in species abundances, respectively (Fritz et al., 1986 (Fritz et al., , 1987b Boecklen & Price, 1989; Fritz & Price, 1990; Fritz, 1990; Price et al., 1999) . This could result in different assortments of species among modules within plants or different phenotypes. Interspecific competition has been a major paradigm in community ecology, but sedentary insects, such as gall formers, stem borers, and leaf miners have shown little evidence of interspecific competition at naturally occurring densities (Fritz et al., 1987a) .
In this study we investigate patterns of stem galler attack in five natural willow stands along the floodplains of the Rhine River in Central Europe. Of the three Euura species, E. atra occurs on Salix alba, S. fragilis and the hybrid S. × rubens, while E. elaeagnos is specific to S. elaeagnos, and E. purpureae is specific to S. purpurea. Intriguingly, the three Rhabdophaga species mirror the host specificity of the sawflies exactly (R. sp. 3 on S. purpurea, R. sp. 4 on S. alba, S. fragilis, and S. × rubens, R. sp. 5 on S. elaeagnos) so that although the species co-occur locally, there are three distinct species pairs on each host plant species each of one stem-galling sawfly and one stem-galling Rhabdophaga species. We establish the distribution of abundance, survival, and parasitoid attack patterns within the guild of six stem-galling species in the light of the plant-vigour hypothesis, while also testing for differences in galling rates on male and female plants. We investigate interrelations between the partners in the three species pairs of Euura and Rhabdophaga that share the same host plant, where we test whether or not the gall formers of an associated species pair attack shoots of the same length or the same parts (basal, median, distal) within a shoot (i.e. niche separation).
METHODS

Stem-galling species
The gall-forming sawflies and gallmidges of this study (Euura spp., Rabdophaga spp.) develop and pupate in closed stem galls. The sawflies initiate gall formation by the female's injection of stimulating substances ( Mccalla et al., 1962; Meyer, 1987; Kopelke, 1998 Kopelke, , 1999 , while gallmidges induce gall formations by the larvae's secretion of cecidogenous fluids while feeding on the plant tissue (Meyer, 1987; Harris, 1994) . After emerging in spring the sawflies are immediately ready for mating and oviposition. In contrast, the gallmidges require some days for eggs to mature. Both the stem-galling Euura and Rabdophaga species produce one generation each year.
Stem gallers were studied on the willow species Salix alba, S. fragilis, S. × rubens (= alba × fragilis), S. elaeagnos, and S. purpurea from several natural sites. Six stem-galling species have been studied (E. atra, E. elaeagnos, E. purpureae, Rabdophaga sp. 3-5), most of which induce moderately spindle-shaped galls, except for E. elaeagnos, which forms conspicuous spindle-shaped galls. In the case of the stem-galling Rabdophaga spp. the taxonomical status of the species has not yet been clarified (Kopelke & Amendt, 2002) . There are some indications that sibling species on different willow species may be involved; in the present study they are designated as Rabdophaga sp. 3-5.
Sampling of stem gallers
The studies were conducted in 1999 at five locations along the river Rhine (Central Europe: Germany and Switzerland) (Fig. 1) . The composition, age, and abundances of the Salix species varied greatly between the stands. A total of 635 individual willow trees were mapped in spring, checking the sexes when the catkins occurred. Only in a few species were the sex ratios balanced.
Most of the species at all sites were dominated by female trees ( Kopelke & Amendt, 2002) . According to the age pattern of the host plant communities there was not much difference between the sites at the lower (site no. 1 and 2) and upper Rhine (site no. 3 and 4), the communities being composed especially of older plants of S. caprea, S. elaeagnos, S. fragilis, S. purpurea, S. × rubens, and S. viminalis.
To determine plant vigour the length of 4912 shoots from 82 willow individuals of different age and sex (sites combined, alba: 18, elaeagnos: 32, fragilis: 5, purpurea: 12, × rubens: 15) were measured, and grouped into 6 shoot length classes (5-10, 11-20, 21-30, 31-40, 41-60, 61-infinity mm) . By the end of growing season at least 50 shoots (= the current year's growth of a stem with leaves) were collected haphazardly from all aspects of each plant. The shoots were kept refrigerated in plastic bags to preserve the stage of development until dissection. All shoots were split longitudinally to check the status of the Fig. 1 Map of the sites with willow species studied, adjacent to the Rhine River in Central Europe.
herbivores (alive, dead, parasitized) and the position of the galls (basal third, median, or distal third) were recorded.
Statistics
We used two different types of general linear models (GLM) both of which were nested to the appropriate level. To assess galling rates with shoot length we used a square-root-square-root transformation for the count data and a nested  where, for E. atra and R. sp. 4, shoot length was nested within tree within sex (of the willow trees) within Salix species and within locality. Significances at all levels were assessed by calculating F-ratios from the appropriate mean-squares and degrees of freedom. Since the other 4 species were specific to only one Salix species those analyses had one nesting level less.
Survival and parasitoid attack were analysed as nested analyses of deviance using GLMs with binomial errors. Significance was assessed on the deletion of terms using χ 2 or in some cases F-ratios to correct for overdispersion.
Finally, correlations of galling rates among the paired species were analysed as nested analyses of deviance using GLMs with poisson errors. Significance was assessed as described above. We also assessed the likelihood of occurrence of one species in relation to the other as a binary (presence/absence) variable again using GLMs with binomial errors.
For all models the standardized residuals and fitted values of the minimal adequate models were inspected for independence and normality (Crawley, 2002) . Please note that the figures show overall relationships (not nested), while all the test statistics were carried out nested.
RESULTS
Plant vigour and gall densities
Of the six gall-inducing species, four showed a significant higher galling rate on longer shoots than on short ones. The four species include E. atra and R. sp. 4 on the three willow species S. alba, S. fragilis and S. rubens, and E. elaeagnos and R. sp. 5 on S. elaeagnos. The two species that showed no increase in galling rates with shoot length were the cecidomyiid R. sp. 3 and E. purpureae, both on S. purpurea (Table 1, Fig. 2 ). Both species also have the lowest overall galling rates (E. purpureae 0.046 ± 0.008 galls per shoot and R. sp. 3 0.042 ± 0.009 galls per shoot) which is about half the galling rate of the next lowest one of E. elaeagnos (0.083 ± 0.008) and about a quarter compared to E. atra (0.211 ± 0.014) and R. sp. 4 and R. sp. 5 (0.154 ± 0.009 and 0.139 ± 0.013 galls per shoot).
Gall densities in all six species were analysed nested within shoot length within trees within male/female willows and within localities. For the two species that lacked a relationship with shoot length it was still evident that galling rates differed significantly among individual trees (Table 1) .
For one of the Rhabdophaga species, R. sp. 5, galling rates on male plants were significantly higher than on female plants. At location three (see Fig. 1 ) the mean number of galls per shoot on male willows was 0.375 ± 0.07, which was twice that on the female plants with 0.16 ± 0.084. At location four the difference was threefold (male: 0.644 ± 0.136 and female: 0.20 ± 0.046), while at location five galling rates were about the same and very low (male: 0.009 ± 0.005 and female: 0.009 ± 0.005).
In contrast to the other four species, E. atra and R. sp. 4 induce galls on three different species of willow. There is, however, no indication that galling rates of either species differ among the willow species (Table 1, Fig. 2 ) nor in fact among the different localities that were sampled.
Plant vigour, survival and parasitoid attack
Gall former survival and parasitoid attack rates were analysed as logistic regression with shoot length nested within the other variables as before. Of the six species, only R. sp. 5 on S. elaeagnos showed a significant negative correlation between shoot length and survival, i.e. the proportion of galls that would produce an adult gall former (χ 2 = 27.99, d.f. = 10, P < 0.01, Fig. 3 ). Parasitoid attack (parasitoid species combined), as one source of mortality, was also significantly correlated with shoot length for only one of the six species, E. purpureae ( χ 2 = 16.91, d.f. = 7, P < 0.05). Here parasitoid attack rates were lower on the longer shoots (Fig. 4) . The relationship between parasitoid attack rates and shoot length for at least one of the cecidomyiidae, R. sp. 4, was also close to significance (P = 0.06), and again the trend was negative with lower attack rates on longer shoots.
Interspecific patterns of galling rates
To investigate possible relationships of the abundance among co-occurring partners in each of the species pairs we looked at both the gall abundance of one partner in relation to the abundance of the other (nested GLM with poisson errors) and the likelihood of one partner occurring on the same shoot as the other using presence/absence data rather than gall counts (nested GLM with binomial errors). All six models were again nested within all the levels described before and are shown in Table 1 .
The relationships between the likelihood of occurrences were consistent with those for abundances (E. atra -R. sp. 4: χ 2 = 322.49, d.f. = 33, P < 0.001; E. elaeagnos -R. sp. 5: χ 2 = 155.93, d.f. = 16, P < 0.001, and E. purpureae -R. sp. 3: χ 2 = 47.38, d.f. = 7, P < 0.01). Within all three species pairs there are significant negative relationships between the abundances of the Cecidomyiids and the sawflies (E. atra -R. sp. 4: χ 2 = 156.41, d.f. = 35, P < 0.001; E. elaeagnos -R. sp. 5: χ 2 = 77.97, d.f. = 18, P < 0.001, and E. purpureae -R. sp. 3: χ 2 = 22.48, d.f. = 8, P < 0.01). (Fig. 5) illustrates the overall relationships without nesting and shows that data points (= shoots) where both species of a pair co-occur are comparatively rare and at high density of one of the partners virtually absent. Fig. 3 Gall former survival was analysed as logistic regression with shoot length. The figure shows the overall negative relationship suggesting that Rabdophaga sp. 5 on S. elaeagnos performs worse on longer shoots than on shorter ones (points with jitter in x and y to show overlapping points).
Fig. 2
Galling rates per shoot length category, comparing the stem-galling species of Euura and Rabdophaga coexisting on the same host plant species.
Fig. 4
Parasitoid attack (parasitoid species combined) was significantly correlated with shoot length only for E. purpureae on S. purpurea. Here parasitoid attack rates were lower on the longer shoots (points with jitter in x and y to show overlapping points).
Gall position on shoots
To investigate the distribution patterns of galls within shoots we looked at the mean proportions of galls per one of three equal sections (basal, median, distal) of attacked shoots, assuming that all three parts of the shoot would be used equally for gall formation. Of the six gall inducers tested the three Euura species showed mean proportions which were significantly (P < 0.004) greater than the hypothetical mean of 0.333 in the basal part of a shoot but significantly less (P < 0.001) in the distal part (Table 2 ). In contrast, in R. sp. 5 the mean proportion was significantly less (P < 0.006) in the basal part and greater close to significance (P = 0.065) in the distal part. However, in R. sp. 3 and R. sp. 4 no clear tendencies could be observed.
DISCUSSION
Of the six species we studied, the plant-vigour hypothesis, i.e. higher gall densities on longer shoots, was supported for four of them, two sawfly species and two cecidomyiids. This pattern was consistent despite significant differences in densities between individual trees. In contrast, where the species induced galls on more than one willow species (E. atra and R. sp. 4) we detected no differences between host species or the sexes of host plants except for R. sp. 5 on S. elaeagnos. Gall former survival was negatively correlated with shoot length in R. sp. 5 as were parasitoid attack rates in E. purpureae. Finally, species pairs of stem gallers co-occurring on the same willow species tended to attack different shoots within the same host plant individual and tended to form galls in different positions on the shoots, except for E. purpureae and R. sp. 3 on S. purpurea. The variability of distribution and density pattern of gall inducers within a host plant population does not usually result from inter or intraspecific competition (Boecklen & Price, 1989; Craig et al., 1990; Fritz & Price, 1990; Fritz, 1990 ; but see Sitch et al., 1988) but rather from factors primarily attributed to host plant quality (Price et al., 1987a,b; Fritz & Nobel, 1990; RowellRahier & Pasteels, 1990; Boecklen et al., 1994; Fritz et al., 2000; Kokkonen, 2000) . However, little is known about mechanisms that influence the coexistence of gall inducers belonging to the same or different families where plant development and physiology is largely under the control of the gall former (Fritz et al., 1986 (Fritz et al., , 1987a . The Euura and Rabdophaga species we studied are common gall formers on willows (Salix spp.). All induce stem galls on young shoots and are host plant specific. The five willow species (incl. one hybrid) in this study are characterized by specific species pairs of stem gallers, each consisting of one Euura and one Rabdophaga species.
Fig. 5
Interspecific interactions among the cooccurring partners in each of the species pairs at both, the gall abundance of one partner in relation to the abundance of the other (points with jitter in x and y to show overlapping points).
The density among these stem gallers varied conspicuously among the individual trees within sites, however, only one species R. sp. 5 on S. elaeagnos tended to prefer male host plants.
In some other willow species, intersexual variation in herbivory was documented where male plants support higher densities of herbivores in most cases (Boecklen et al., 1990 (Boecklen et al., , 1994 Hjältén, 1992; Fritz, 1995) . However, with the exception of R. sp. 5 the results of this study do not support this tendency.
Gall induction is generally regarded as the result of a very intimate relation between the herbivore and the host plant species. Adult females are efficient in discriminating between individuals in order to locate the most suitable tree and the most suitable tissue within that tree (Price & Craig, 1984; Preszler & Price, 1988; Kopelke, 1998 Kopelke, , 1999 . Females are stimulated to oviposit by higher concentrations of chemical compounds (i.e. certain phenolic glycosides) that vary between host plant species and individuals of the same species (Julkunen-Tiitto, 1989; Shao, 1991; Pasteels & Rowell-Rahier, 1992) as well as between shorter and longer shoots of the same willow plant Kolehmainen et al., 1994; Roininen et al., 1999) . This could provide a mechanism to respond positively to shoot length heterogeneity even early in the growth season. Many gall-making sawfly species, and indeed other gall-making taxa, have been recorded to prefer longer shoots for oviposition and gall induction (Price et al., ,b, 1997 Price & Ohgushi, 1995; Woods et al., 1996; Roininen & Danell, 1997; Fritz et al., 2000; Kokkonen, 2000) . In some species, the ovipositional preference for long shoots is also linked to a higher survivorship of gall former larvae Price & Ohgushi, 1995) . The results of four of the six gall formers studied in this paper support the plant-vigour hypothesis as they showed significantly higher galling rates on longer shoots and only the species pair E. purpureae and R. sp. 3 on S. purpurea showed no relationship between shoot length and galling rates. It is, however, impossible to decide whether or not the lack of such a relationship in these gall formers is due to low densities or an unknown host plant effect.
Mortality of gall formers caused by plant resistance is thought to play a much greater role than natural enemies (Kristek, 1972; Clancy et al., 1986; Stein & Price, 1995; Fernandes, 1998) . The wound-squeezing activities of the host plant tissue can often affect survival of gall makers as known from the bud galler Euura mucronata (= E. viminalis) on S. viminalis (Urban, 1995) . Extremely strong plant resistance was assumed at the lowest ramet ages where rapidly ingrowing gall tissue can crush sawfly eggs or early instar larvae (Clancy et al., 1986) . Best chances of survival have been recorded from the most vigorous shoots (Craig et al., 1988 Price et al., 1990; Woods et al., 1996; Price et al., 1998) . However, among the gall formers tested in this study only R. sp. 5 on S. elaeagnos showed a significant but negative correlation between shoot length and survival. Urban (1995) also reported mixed results with different bud gallers on S. viminalis, showing a slightly increasing mortality of E. laeta in contrast to a significantly Within all three species pairs tested in this study, significant negative relationships between the abundances of the cecidomyiids and the sawflies have been found. It stands to argue whether these relationships are suggestive of direct competition, i.e. adult females that fight for oviposition sites, or pre-emption and avoidance. E. atra and R. sp. 4 attacked 6% of the shortest and 43% of the longest shoots while E. elaeagnos and R. sp. 5 attacked 6% of the shortest and 21% of the longest shoots. All four species showed positive relationships between galling rates and shoot length suggesting that at these gall densities the gall former -host plant relationship is still overriding any possible changes of gall distributions due to interspecific interactions. We also showed that interspecific competition between co-occurring species pairs was not only minimized by attacking different shoots within the same willow individual but by attacking different parts of a shoot. Euura spp. favoured especially the basal parts of a shoot, whereas at least one of the Rabdophaga spp. preferred the median and distal parts. This could be due to the different phenologies of sawflies and gallmidges. The stem-galling Euura species emerge earlier in spring than the stem-galling Rabdophaga species, and the females are able to oviposit immediately after hatching (Kopelke, 1998) . The gallmidges emerge later and females need some time for eggs to maturate. Both gall-forming genera are likely to prefer the apical meristem for oviposition. As the shoot continuous to grow on an autumn shoot the earlier Euura galls would be located in the basal, while the later Rhabdophaga galls would be in the median and distal sections.
Patchy distribution patterns as well as large variation of gall former densities among a willow population indicate different attractiveness of the host plants. Among the factors influencing the distribution and density of gall formers plant vigour and possibly associated physiological factors and/or the impact of natural enemies is likely to be important. Although they utilise the same host plant resource (individual, shoot) interspecific competition in this system of co-occurring stem gallers is unlikely due to phenological differences that translate into spatial separation on individual shoots.
